The human ether-a-go-go related (hERG) potassium channel has unusual functional characteristics in that the rates of channel activation and deactivation are much slower than inactivation, which is attributed to specific structural elements within the NH2 terminus and the S1-S4 voltage-sensing domains (VSD). Although the charged residues in the VSD have been extensively modified and mutated as a result, the role and importance of specific hydrophobic residues in the S4 has been much less explored in studies of hERG gating. We found that charged, but not neutral or hydrophobic, amino acid substitution of isoleucine 521 at the outer end of the S4 transmembrane domain resulted in channels activating at much more negative voltages associated with a marked hyperpolarization of the conductance-voltage (G-V) relationship. The contributions of different physicochemical properties to this effect were probed by chemical modification of channels substituted with cysteine at position I521. When positively charged reagents including tetramethylrhodamine-5-maleimide (TMRM), 1-(2-maleimidylethyl)-4-[5-(4-methoxyphenyl)oxazol-2-yl] pyridinium methane-sulfonate (PyMPO), [2-(trimethylammonium)ethyl] methanethiosulfonate chloride (MTSET), and 2-aminoethyl methanethiosulfonate hydrobromide (MTSEA) were bound to the cysteine, I521C channels activated at more negative membrane potentials. To examine the contributions to hERG gating of other residues at the outer end of S4 (520 -528), we performed a cysteine scan combined with MTSET modification. Only L520C, along with I521C, shows a substantial hyperpolarizing shift of the G-V relationship upon MTSET modification. The data indicate that the neutral, hydrophobic residue I521 at the extracellular end of S4 is critical for stabilizing the closed conformation of the hERG channel relative to the open state and by comparison with Shaker supports the alignment of hERG I521 with Shaker L361. channel gating; hERG; potassium channels THE HUMAN ETHER-A-GO-GO RELATED gene (hERG) channel (KCNH2 or Kv11.1) encodes the pore forming ␣-subunit that underlies the rapidly inactivating delayed rectifier K ϩ current (I Kr ) in the heart (19, 32) . hERG is a member of the voltagegated potassium channel (Kv channel) superfamily and is a tetramer of four subunits each containing six segments, S1-S6, and a re-entrant P-loop with a pore helix. The first four transmembrane domains constitute the voltage sensor domain (VSD), where the charged residues in these segments, primarily in S4 but also in S1-S3, respond to transmembrane potential changes and initiate the conformational changes that control opening of the pore, which is formed by the S5-P-loop-S6 domains. Studies to understand activation gating have therefore focused mostly on the location and motion of charged residues in the VSD that might directly sense voltage gradients across the membrane, as well as the regulation of S4 movement by potentially strong intrasubunit electrostatic interactions between oppositely charged residues.
The human ether-a-go-go related (hERG) potassium channel has unusual functional characteristics in that the rates of channel activation and deactivation are much slower than inactivation, which is attributed to specific structural elements within the NH2 terminus and the S1-S4 voltage-sensing domains (VSD). Although the charged residues in the VSD have been extensively modified and mutated as a result, the role and importance of specific hydrophobic residues in the S4 has been much less explored in studies of hERG gating. We found that charged, but not neutral or hydrophobic, amino acid substitution of isoleucine 521 at the outer end of the S4 transmembrane domain resulted in channels activating at much more negative voltages associated with a marked hyperpolarization of the conductance-voltage (G-V) relationship. The contributions of different physicochemical properties to this effect were probed by chemical modification of channels substituted with cysteine at position I521. When positively charged reagents including tetramethylrhodamine-5-maleimide (TMRM), 1-(2-maleimidylethyl)-4-[5-(4-methoxyphenyl)oxazol-2-yl] pyridinium methane-sulfonate (PyMPO), [2-(trimethylammonium) ethyl] methanethiosulfonate chloride (MTSET), and 2-aminoethyl methanethiosulfonate hydrobromide (MTSEA) were bound to the cysteine, I521C channels activated at more negative membrane potentials. To examine the contributions to hERG gating of other residues at the outer end of S4 (520 -528), we performed a cysteine scan combined with MTSET modification. Only L520C, along with I521C, shows a substantial hyperpolarizing shift of the G-V relationship upon MTSET modification. The data indicate that the neutral, hydrophobic residue I521 at the extracellular end of S4 is critical for stabilizing the closed conformation of the hERG channel relative to the open state and by comparison with Shaker supports the alignment of hERG I521 with Shaker L361. channel gating; hERG; potassium channels THE HUMAN ETHER-A-GO-GO RELATED gene (hERG) channel (KCNH2 or Kv11.1) encodes the pore forming ␣-subunit that underlies the rapidly inactivating delayed rectifier K ϩ current (I Kr ) in the heart (19, 32) . hERG is a member of the voltagegated potassium channel (Kv channel) superfamily and is a tetramer of four subunits each containing six segments, S1-S6, and a re-entrant P-loop with a pore helix. The first four transmembrane domains constitute the voltage sensor domain (VSD), where the charged residues in these segments, primarily in S4 but also in S1-S3, respond to transmembrane potential changes and initiate the conformational changes that control opening of the pore, which is formed by the S5-P-loop-S6 domains. Studies to understand activation gating have therefore focused mostly on the location and motion of charged residues in the VSD that might directly sense voltage gradients across the membrane, as well as the regulation of S4 movement by potentially strong intrasubunit electrostatic interactions between oppositely charged residues.
Many of our current predictions of the structure and the mechanism of hERG channel gating are extrapolated from studies of the prototypical Kv channel Shaker. Early predictions from the S4 sequence combined with mutagenesis studies in Shaker showed that neutralization of positive charges in S4 reduced the voltage dependence of activation (11, 14, 16) . Based on the high sequence homology between Kv1.2 and Shaker channels (4, 10, 12) , the S4 helix structure in Shaker contains six basic residues and these are coordinated by three negative charges in S2 and S3a. However, there are significant differences in the hERG voltage sensor domain sequence compared with these channels (Fig. 1A) (20, 21, 23) , and compared with most other Kv channels the hERG channel has unusual functional characteristics in that the rates of channel activation and deactivation are much slower. This indicates that hERG channel activation mechanisms must diverge in important ways from those of the prototypical Kv channels and makes the alignments of primary sequence between channels less certain.
Within the hERG S4 domain itself, counting from the extracellular side, the first charged lysine (K1) may be aligned with the second arginine (R2) in Shaker (37) leaving one fewer positive charges overall. This analysis is supported by the modeling of Lee et al. (10) . An alternative view is that Shaker R1 aligns with hERG K1, and this is supported by S4 mutational studies (17) and the accessibility of the outer S4 region to pCMBS with depolarization (7). The outer four S4 positive charges in Shaker carry most of the activation gating charge (1, 3, 25) , and mutation of the outer three charges in hERG to cysteines affects gating charge transfer the most (37) . This supports the alignment of hERG K1 with Shaker R2 and highlights one consequence of a hERG K1, Shaker R1 alignment, which would be an unexplained difference in the gating charge transferred by the two channels. An alanine scan of the outer S3b, the linker, the S4, and the intracellular S4 -5 linker, in contrast, showed quite different effects of positively charged residue neutralizations (17) . Of the mutant channels that expressed sufficiently, only R531A (the 3rd charged residue in hERG S4) showed a large depolarizing shift in the halfactivation potential, and other charge neutralizations tended to have opposite effects and shift activation in the hyperpolarizing direction. The authors concluded that residues that lay in a spiral groove of S4 had the greatest effects on activation gating.
The negative charges in both the Shaker and hERG channel voltage sensors stabilize the S4-positive charges within the membrane at rest and during activation, although in the S1-S3 of hERG there are three more negative charges than in Shaker, with six overall (37) . Interactions between positive and negative charges are transiently broken and reformed as the voltage sensor translates to its activated position in Shaker (15, 18, 30) , and in hERG (17, 29, 36, 37) , so we have a good understanding of the role of these charges in channel activation gating.
Less, however, is known about other residues in S4, apart from the alanine scanning mentioned earlier, leading us to focus our experiments on uncharged residues at the extracellular tip of S4. Unexpectedly, we found that substitution or modification of I521 in this region with positive or negative charge produced a dramatic hyperpolarizing shift in hERG activation. The effect that we describe was most marked at this site in S4, of those that we were able to modify, and this highlights I521 as a significant determinant in hERG activation gating, unrelated to inactivation, which was relatively unaffected by modification at this site.
MATERIALS AND METHODS
Ethics statement. All animal protocols were approved by the Animal Care Committee of the University of British Columbia and conformed to the guidelines of the Canadian Council on Animal Care.
Molecular biology. hERG was subcloned into the pBluescript SK expression vector. Site-directed mutagenesis was performed using the QuikChange II system (Stratagene, La Jolla, CA). Mutations were confirmed by direct sequencing. The DNA was linearized with NotI before RNA transcription. cRNA was synthesized from purified linear cDNA using the mMessage mMachine T7 Ultra transcription kit (Ambion, Austin, TX). In all hERG constructs used in this study, the two extracellular cysteines in the S1-S2 linker, C445 and C449, were mutated to valines to avoid inadvertent labeling of these cysteines by reactive agents, and thus hERG C445V:C449V:I521 is referred to as wild-type (WT) C-less. We have previously shown that the WT C-less channel has only minor effects on channel gating (8) .
Oocyte preparation and expression. Xenopus laevis frogs were terminally anesthetized by immersion in 2 mg/ml tricaine methanesulphonate (Sigma-Aldrich, Missisauga, ON, Canada); oocytes were isolated and enzymatically defolliculated using a solution of the following (in mM): 82.5 NaCl, 2.5 KCl, 1 MgCl 2, and 5 HEPES with 2 mg/ml type 1a collagenase (Sigma) for ϳ1 h in combination with orbital shaking. Stage 5-6 oocytes were injected using a Drummond (10) . Positively (red) and negatively charged residues (blue) in the transmembrane regions from S3 to the S4 -5 linker are highlighted. I521C in hERG and L361 in Shaker is shown in bold type. C-I: representative currents evoked by 8-s depolarizing steps from Ϫ80 mV to potentials from Ϫ140 to ϩ60 mV in 10-mV increments, followed by a 2-s hyperpolarizing step to Ϫ110 mV (B), I521 WT C-less (C), I521V (D), I521N (E), I521R (F), I521K (G), I521E (H), and I521D (I). J: normalized conductance-voltage (G-V) relationships obtained by plotting the normalized peak tail currents for each mutant vs. prepulse voltage. For I521 the V1/2 was Ϫ18.2 Ϯ 0.4 mV, slope factor (k) ϭ 6.6 Ϯ 0.2 mV, n ϭ 3; for I521V Ϫ24.1 Ϯ 0.5 mV, k ϭ 6.5 Ϯ 0.2 mV, n ϭ 3; for I521N, Ϫ20.8 Ϯ 0.5 mV, k ϭ 6.2 Ϯ 0.1 mV, n ϭ 3; for I521R, Ϫ92.2 Ϯ 3.1 mV, k ϭ 12 Ϯ 0.7 mV, n ϭ 3; for I521K, Ϫ95 Ϯ 1.4 mV, k ϭ 13.6 Ϯ 0.6 mV, n ϭ 3; for I521E, Ϫ88.5 Ϯ 2.2 mV, k ϭ 12.7 Ϯ 0.6 mV, n ϭ 3; and for I521D, Ϫ92.3 Ϯ 3.7 mV, k ϭ 12.3 Ϯ 0.6 mV, n ϭ 3.
microdispensor with 50 -100 nl cRNA (ranging from 50 to 75 ng) injected into each oocyte, followed by incubation at 20°C. Between defolliculation and injection, oocytes were incubated for 1-18 h in a modified oocyte Ringer solution, which contained 500 ml Leibovitz's L-15 medium (GIBCO) and (in mM), 15 HEPES, 0.52 gentamicin (GIBCO), and L-glutamine, titrated to pH 7.6 using NaOH. Two-electrode voltage clamp. Oocytes were placed in a bath chamber that was continually perfused (2 ml/min) with control ND96 bath solution containing the following (in mM): 96 NaCl, 5 KCl,1 MgCl 2, 2 CaCl2, and 5 HEPES, titrated to pH 7.4 with NaOH. Microelectrodes were filled with 3 M KCl and had resistances of 0.1 to 1 M⍀. Currents were recorded using a Warner Instruments OC-725C amplifier (Hamden, CT) and Axon Digidata 1322 A/D converter (Axon Instruments, Foster City, CA), connected to a personal computer running pClamp9 software (Molecular Devices). Labeling of the oocytes with tetramethyl-rhodamine-5-maleimide (TMRM; Invitrogen, Carlsbad, CA) and 1-(2-maleimidylethyl)-4-[5-(4-methoxyphenyl)oxazol-2-yl] pyridinium methane-sulfonate (PyMPO; Invitrogen) dye was performed in either ND96 or depolarizing solution containing the following (in mM): 140 KCl, 1.5 MgCl 2, 0.5 CaCl2, and 10 HEPES, titrated to pH 7.4 using KOH, with 5 mM TMRM or PyMPO. After 30 min of labeling, oocytes were stored in ND96 solution in the dark until voltage clamped. Current-voltage relationships were measured in ND96. During the experiments, oocytes were kept in ND96 solution. For MTS modification experiments, after the control data were recorded, oocytes were perfused with 1 mM MTS reagents for at least 10 min, followed by a 10 min wash off before data were collected. During MTS perfusion, oocytes were held at Ϫ80 or 0 mV or repeatedly pulsed to ϩ40 mV from Ϫ80 mV. For the H 2O2 experiment, 10 mM H2O2 was applied while oocytes were repeatedly pulsed to ϩ40 mV from Ϫ80 mV at 0.1 Hz.
Chemicals. The MTS compounds and p-chloromercuriphenylsulfonic acid sodium salt (pCMBS) were purchased from Toronto Research Chemicals (Ontario, Canada). [2-(Trimethylammonium)ethyl] methanethiosulfonate chloride (MTSET), sodium (3-sulfonatopropyl) methanethiosulfonate (MTSPS), 2-aminoethyl methanethiosulfonate hydrobromide (MTSEA), 2-hydroxyethyl methanethiosulfonate (MTSHE), and pCMBS were aliquoted in powder and stored at Ϫ20°C. On the experimental day, the MTS reagents and pCMBS were dissolved in ND 96 and stored on ice before dilution to 1 mM and 100 M, respectively, just before application. All the other chemicals were purchased from Sigma-Aldrich.
Data analysis. Conductance-voltage (G-V) relationships were derived by plotting peak tail currents as a function of the preceding depolarizing pulse. G-V curves were fit with a single Boltzmann function: A: representative currents from I521C channels evoked by 2-s depolarizing steps from Ϫ80 mV to potentials from Ϫ110 to ϩ60 mV in 10-mV increments, followed by a 2-s hyperpolarizing step to Ϫ110 mV. B: normalized conductance-voltage relationships of WT I521 () and I521C mutant (ᮀ). Boltzman fits gave parameters for I521C activation of V1/2 ϭ Ϫ27.1 Ϯ 1.5 mV, k ϭ 8.3 Ϯ 0.4, n ϭ 14, compared with a WT C-less V1/2 ϭ Ϫ16.4 Ϯ 0.8 mV; k ϭ 7.4 Ϯ 0.2; n ϭ 8 (P Ͻ 0.05). Inset: mean activation time constants for I521 and the I521C mutant determined using envelopes of tail currents measured at Ϫ110 mV following steps to 0 mV for increasing time periods (15 to 1,000 ms, with 15 ms intervals). Time constants were obtained from an exponential fit to the peak tail currents. For I521, tau was 444 Ϯ 33 ms n ϭ 13; for I521C, tau was 126 Ϯ 9 ms n ϭ 5 (*P Ͻ 0.05).
where y is the conductance normalized with respect to the maximal conductance, V 1/2 is the half-activation potential, V is the test voltage, and k is the slope factor. Unless otherwise indicated, data reported throughout the text and figures are presented as means Ϯ SE. Statistical analyses were conducted in Graphpad Prism using Student's t-test when comparisons were made between two groups or by ANOVA with a NeumanKeuls multiple comparison post test for comparing data from multiple groups. Significance was assigned at P Ͻ 0.05.
RESULTS
Introduction of charged residues at I521 shifts activation to more hyperpolarized potentials. To study the potential contributions of the hydrophobic, uncharged residue I521, which is close to the extracellular end of S4 and putatively equivalent to L361 in Shaker (Fig. 1A) , we substituted residues possessing different properties at I521. Figure 1 shows representative currents recorded from WT cysteine-less I521 channels (Fig.  1C) , and channels substituted with uncharged hydrophobic I521V (Fig. 1D) or the polar uncharged I521N (Fig. 1E ) displayed similar ionic currents and current voltage (G-V) relationships. The introduction of positively or negatively charged residues in channels I521R, K, E, and D mutants (Fig.  1, F-I) , however, substantially slowed deactivation tail currents and resulted in left-shifted G-V relationships (Fig. 1J) . ANOVA analysis revealed no significant differences in V 1/2 within the uncharged residues I, V, or N (P Ͼ 0.05) at 521 or the charged substitutions R, K, and D (P Ͼ 0.05) but significant differences between all the charged and uncharged substitutions (P Ͻ 0.05). In addition, the time constants of channel activation for all the charged substitutions were significantly accelerated compared with I521 (P Ͻ 0.05; Fig. 2 ), suggesting that uncharged interactions at this site are critically important in stabilizing the closed state relative to the open state of the hERG channel.
Cysteine substitution of I521 provides an accessible attachment site. To further investigate the contributions of properties imparted by residues at I521 to hERG gating, we substituted it with the less hydrophobic amino acid cysteine. This allowed covalent attachment of a range of differently sized and charged molecules to the cysteine. Consistent with data in Fig. 1 , the conserved nature of the I521C hydrophobic substitution induced only minor, but significant, changes in channel gating with I521C activation being shifted ϳ12 mV hyperpolarized (Fig. 3, A and B) . Inactivation V 1/2 s for I521 and the I521C mutant were not significantly different; the inactivation V 1/2 for I521 was Ϫ41.6 Ϯ 8.2 mV, k ϭ Ϫ27 Ϯ 2 mV, n ϭ 11, and for I521C the V 1/2 was Ϫ59.2 Ϯ 2.8 mV, k ϭ Ϫ25.1 Ϯ 1.2 mV, n ϭ 4 (P Ͼ 0.05). Consistent with the left-shifted G-V, activation time constants for I521C were significantly less than those for WT channels at 0 mV (Fig. 3B, inset) . Thus I521C gates similarly enough to WT to be useful in our studies as a model of WT that allows modification of the cysteine, albeit with a slightly accelerated activation time course.
The extracellular tip of S4 in hERG is structurally distinct from Shaker. Interestingly, Shaker L361, at the putatively homologous site (Fig. 1A) , is also crucial for securing the voltage sensor in its resting position, and replacement with arginine or lysine causes a large negative shift of the activation relationship, shifting the V 1/2 from Ϫ40 to Ϫ100 mV (34) . A separate study has also shown that during activation, the NH 2 -terminal ends of the S4 segments are so close that disulfide bridges can be induced between L361C residues on different subunits by exposure to oxidant during depolarization (2) , which then stabilize the open state of the channel. To assess whether a similar steric environment existed around the top of the hERG S4 segment, we measured hERG currents in reducing and oxidizing conditions (Fig. 4) . No difference between currents obtained before and after 10 mM H 2 O 2 application to I521C channels when the oocytes were pulsed to ϩ40 mV from a holding potential of Ϫ80 mV (Fig. 4A) was observed, even after dithiothreitol pretreatment and H 2 O 2 exposure (Fig. 4, B and C) . This indicates the absence of possible intersubunit disulfide bridges that affect channel function in this mutant and further highlights the structural dissimilarities between hERG and Shaker.
TMRM, PyMPO, and MTSET access and modify site I521C in activated hERG channels. To further study the effects of charged substitutions at I521 we covalently attached various sized molecules, including TMRM, PyMPO, and MTSET to I521C. TMRM and PyMPO are large molecules that are extensively used as fluorescing adjuncts in ion channel gating studies. First we examined whether they were able to affect I521C gating and if the modification was state dependent by modifying in hyperpolarizing solutions (ND96) or depolarizing high K ϩ solution. After control currents were obtained (Fig. 5 , A and 5B, left), oocytes expressing I521C channels were exposed to ND96 solution with either TMRM or PyMPO for 30 min. Currents were then recorded in ND96 as shown in Fig. 5, A and B, middle, and small inward currents were observed at negative voltages between Ϫ110 and Ϫ90 mV. Then, oocytes were transferred to depolarizing solutions with either TMRM or PyMPO for a further 30 min. Currents recorded after depolarized-state incubation displayed prominent inward currents upon hyperpolarization indicating activation of the modified channels at hyperpolarized potentials (Fig. 5, A and B, right) .
We next tested a relatively smaller molecule, MTSET, and controlled the state in which the channel was modified by exposing channels to MTSET at a holding potential of Ϫ80 mV where channels are mostly deactivated or at 0 mV where channels are significantly activated and S4 voltage sensors will be in the activated state. After the control currents were recorded (Fig. 5, C and D, left) , the oocytes were held at either Ϫ80 mV (Fig. 5C) or 0 mV (Fig. 5D ) and perfused with 1 mM MTSET for 10 min followed by a 10-min wash in control ND96 solution. Small inward currents were seen upon hyperpolarization from the oocytes that had been held at Ϫ80 mV during MTSET perfusion (Fig. 5C, middle) , whereas prominent inward currents were seen from the oocytes that had been held at 0 mV (Fig. 5D, middle) . The current-voltage relationships before and after MTSET are shown at right. These data suggest that position 521 is mainly unexposed at rest (approximately Ϫ80 mV) but becomes exposed to the extracellular phase during channel activation and inactivation, so that TMRM, PyMPO, and MTSET are all able to bind to the cysteine and dramatically modify channel gating by increasing the relative stability of the open state.
Recently, it was demonstrated that replacement of arginine R1(362) by histidine in the Shaker K channel S4 induces a leak Currents were evoked by 2-s depolarizing steps from Ϫ80 mV to potentials from Ϫ110 to ϩ60 mV in 10-mV increments, followed by a 2-s hyperpolarizing step to Ϫ110 mV as described in Fig. 1 . Current amplitudes were measured at the times during the voltage step indicated by the circles on the tracings before (OE) or after MTSET application () at left and middle.
current through a voltage sensor pore (26, 27) . To ensure that the current observed in TMRM-modified I521C channels was attributable to movement of K ϩ ions through the S5-S6 ion pathway rather than a voltage sensor pore, the pore blocker terfenadine was applied to I521C channels in the absence or presence of TMRM; 10 M terfenadine blocked Ͼ50% of the peak and sustained tail currents in both I521C and TMRMlabeled I521C channels (Fig. 6A) . Accordingly, there was also little change in the concentration-response relationship for terfenadine between I521C with and without TMRM (Fig. 6B) . Furthermore, I521R and I521E channel currents were inhibited by terfenadine to a similar extent (data not shown).
To examine the K ϩ selectivity of the current, reversal potentials were determined by test pulses ranging from Ϫ130 to Ϫ50 mV for 2 s following a 2-s prepulse to ϩ40 mV to open channels. The reversal potentials were not significantly altered from that expected for a K ϩ -selective channel under our experimental conditions (Ϫ80.6 Ϯ 2.5 mV for modified I521C channels compared with Ϫ84.8 Ϯ 1.6 mV for unmodified I521C channels Fig. 6C ). These data suggest that currents observed in fluorophore-or TMRM-modified I521C channels are through the K ϩ selective pore, and covalent binding of these agents stabilizes the activated state of the I521C channels.
Both charge and volume contribute to the effect of modification on I521C. TMRM, PyMPO, and MTSET are large positively charged molecules, so to test whether it is electrostatic interactions or steric constraints near position 521 that stabilize the channels in the open state, we applied MTS reagents with different volume and charge properties (Fig. 7) . Oocytes were continuously pulsed to ϩ40 mV for 2 s followed by a 2-s repolarization to Ϫ110 mV. The protocol was repeated continuously every 9 s. MTS reagents were perfused for about 10 min followed by a 10-min wash and the entire experiments are shown in the right panels where each point represents a measurement of the peak () or sustained (OE) inward tail current. As shown in Fig. 7 , A and B, tail currents measured at the peak and end increased during MTSET and MTSEA perfusion (middle), but after wash off, the peak current recovered but not the sustained current (right). The reversibility of the peak current change suggests that it arose from a noncovalent effect of MTSET and MTSEA that has been previously reported (5, 22) . The increase in sustained current was maintained after extensive washing, which suggests that irreversible MTSET and MTSEA covalent binding to cysteine at position 521 leads to a stabilization of the channel in an open state. Figure 7E demonstrates that the fraction of sustained current is significantly larger in MTSET-modified channels than in those perfused with the relatively smaller molecule MTSEA indicating that increasing steric bulk slows deactivation gating further.
To test the effect of negative and uncharged MTS modification, we applied the negatively charged MTSPS and uncharged MTSHE. We did not observe sustained currents in oocytes perfused with either MTSPS or MTSHE, although the deactivation was mildly altered (Fig. 7, C and D) .
MTSET binding promotes channel activation most effectively at site I521. To assess the relative contributions to gating of position 521 we performed a cysteine modification scan across residues at the extracellular end of S4 (520 -528) to examine the pattern of MTSET modification. All mutants expressed and displayed currents similar to I521 channels, except for small changes in the half-activation voltages of the G-V relationships, which are shown as the grey curves in Fig. 8A for each mutant before MTSET exposure. During the 10-min MTSET perfusion and wash off, oocytes were held at ϩ40 mV. Subsequently, current sets were obtained from each construct as shown by the MTSET-modified current traces in Fig. 8A . We found that L520C displayed a hyperpolarized V 1/2 of activation after modification, and deactivation became slower in L523C and K525C with little effect on the equilibrium V 1/2 . Labeling of G522C, L523C, and L524C at the extracellular surface of S4 caused a small depolarizing shift of the G-V relationship. The change in V 1/2 caused by MTSET modification is shown in Fig. 8B and illustrates significantly greatest effects at I521C followed by L520C, compared with modification of residues 522-525.
We found that the deeper S4 residues T526C, A527C, and R528C were not affected by MTSET. To test whether these positions were in fact accessible for MTSET binding we added pCMBS, which has been shown to bind to these residues and inhibit currents. Significant modification of these three residues Currents were generated from a holding potential of Ϫ80 mV by a 2-s pulse to ϩ40 mV followed by a 2-s hyperpolarization to Ϫ110 mV before (black) and after terfenadine block (grey). B: concentration-response curves for terfenadine block of I521C with or without TMRM labeling are shown. n ϭ 4 for each group. C: currentvoltage data plotted from peak tail current during test pulses ranging from Ϫ130 to Ϫ50 mV for 2 s following a 2-s prepulse to 40 mV (n ϭ 6 for control and n ϭ 5 with TMRM).
by pCMBS was observed after long exposure to MTSET followed by pCMBS, which suggested that these positions were not accessible to MTSET in our experiments (since the residues remained modifiable by pCMBS). Overall, we found maximal perturbation of channel closing at positions 521 and to a lesser extent 520, with little perturbation at other residues from 522 to 525, indicating that I521 is the key determinant of hERG channel gating in this region.
There are no high resolution structures of hERG to date but homology models of the closed and open states have been developed based on experimental constraints (6) . Figure 9 shows that residue I521 is predicted to only be accessible to the extracellular milieu in the open state model, consistent with our findings that modification of I521C only occurs in the activated state of the channel. The hydrophobicity of isoleucine is proposed to contribute to stabilizing the down state of the S4 segment as it appears nested in a nonaqueous environment. The modification of I521C by MTSET reagents that causes a preferential shift towards an activated channel can be explained in light of this model by postulating an impairment of the stability of the S4 in the down position when a charged moiety is located in this nonaqueous environment.
DISCUSSION
In this study, we show that charged substitution of I521 at the NH 2 -terminal end of S4 in hERG channels results in stabilization of the open state relative to the closed state. This modification of channel gating is most pronounced at position 521 in S4, and as such, demonstrates that this residue contributes potently to hERG voltage sensing. The effects we describe here of modification of I521 are reminiscent of the effects of positive charge substitution on Shaker L361 (34) and thus support an alignment of these two residues, and also by inference the alignment of K1, the first hERG charged residue in S4, with Shaker R2 (Fig. 1A) . This alignment further supports the putative position of this residue at the very extracellular tip of the S4 segment, an interpretation consistent with the activated-state dependence of availability of I521C to covalent modification in this study (Fig. 5) . If K1 in hERG (MTSEA; B) , sodium (3-sulfonatopropyl) methanethiosulfonate (MTSPS; C), and 2-hydroxyethyl methanethiosulfonate (MTSHE; D) were applied to I521C-expressing oocytes during repeated pulses every 9 s from a holding potential of Ϫ80 to 40 mV for 2 s followed by 2-s hyperpolarizing pulses to Ϫ110 mV (A, top). Left: structure of MTS reagents used to covalently modify cysteines. Representative currents (middle) before (grey), and after exposure to 1 mM MTS reagents and wash out (black). Time course of changes in currents (right) measured from peak inward tail (), and sustained current at end of tail (OE), before, during MTS reagent perfusion (grey), and during wash out. Arrow indicates when the representative currents in the middle panel were obtained. E: relative modification by MTS reagents expressed as the fraction of tail current resistant to deactivation after 2 s at Ϫ110 mV (n ϭ 4 for each MTS reagent). Brackets represent significant differences in fractional modification (*P Ͻ 0.05, ANOVA, Neuman-Keuls post test).
were to align with R1 in Shaker, then I521 in hERG would no longer align with L361 of Shaker but with L358. This would place I521 further out in the S3-S4 linker where it may not be expected to demonstrate the state-dependent behavior that we have shown here. As well, unlike L361, L358 has not been described show state-dependent cross-linking behavior during activation. However, note that the lack of disulphide formation in hERG at I521 (Fig. 4) still indicates structural diversity in this region compared with Shaker channels, which may contribute to differences in gating between the two channels.
Contributions of neutral residues in the extracellular region of hERG S4. The role of hydrophobic and neutral residues in S4 has generally been much less studied than the charged residues, especially in the hERG channel, although the repeating pattern of two hydrophobic residues separating charged residues appears critical for the S4 segment function. Four scanning mutagenesis studies of the S4 domain of hERG have been performed, among which cysteine and glutamine scanning focused only on charged residues and generally showed that the first three charges K525, R528, and R531 were predominantly responsible for voltage sensing and participated in stabilizing closed or open states (28, 37) . In a subsequent tryptophan scan, where each amino acid (L524 -L539) was mutated to tryptophan, the authors suggested that K525, R528, and K538 were the most important for slow activation of the channel, but the residues at the top of S4 were not included in the scan (29) . In the fourth study, I521 was mutated to alanine in an extensive scan of S4 and the S3-S4 and S4 -S5 linkers (17) . The mutant channel displayed a ϳ10-mV negative shift of the activation V 1/2 compared with WT channels, which was not considered a sufficient shift to indicate a large contribution of this residue to voltage gating. This finding is consistent with . Substituted cysteine modification of residues at the extracellular end of hERG S4. During perfusion and wash out of MTSET, oocytes were repeatedly pulsed from a holding potential of Ϫ80 to 40 mV for 6 s followed by a 2-s hyperpolarizing step to Ϫ110 or Ϫ100 mV until currents reached a steady-state. A: current-voltage relationships at left and middle were obtained before and after MTSET exposure and washout for residues 520 to 525. Depolarizations were to between Ϫ110 and ϩ60 mV, repolarizing to Ϫ110 mV. G-V relationships before MTSET (grey) and after MTSET wash out (black) were obtained n ϭ 3 for each mutant. Boltzman fits to the data yielded the following parameters: L520C before V1/2 ϭ Ϫ11.9 Ϯ 0.4 mV, k ϭ 8.4 Ϯ 0.4 and after modification V1/2 ϭ Ϫ51.6 Ϯ 0.9 mV, k ϭ 8.4 Ϯ 0.1; I521C before V1/2 ϭ Ϫ32.3 Ϯ 0.7 mV, k ϭ 8.7 Ϯ 0.5 and after modification V1/2ϭϪ87.5 Ϯ 1.4 mV, k ϭ 11.4 Ϯ 2.5; G522C before V1/2 ϭ Ϫ20.5 Ϯ 4.3 mV, k ϭ 8.6 Ϯ 0.7 and after modification V1/2 ϭ Ϫ13 Ϯ 1.8 mV, k ϭ 8 Ϯ 0.2; L523C before V1/2 ϭ Ϫ29.6 Ϯ 3.6 mV, k ϭ 7.4 Ϯ 0.2 and after modification V1/2 ϭ Ϫ18.9 Ϯ 6.2 mV, k ϭ 9 Ϯ 0.7; L524C before V1/2 ϭ 3 Ϯ 2 mV, k ϭ 8.8 Ϯ 0.9 and after modification V1/2 ϭ 22.9 Ϯ 4.2 mV, k ϭ 20 Ϯ 3.6; and K525C before V1/2 ϭ Ϫ57.2 Ϯ 3.3 mV, k ϭ 10.9 Ϯ 0.7 and after modification V1/2 ϭ Ϫ55.3 Ϯ 3.1 mV, k ϭ 8 Ϯ 0.3. B: change in V1/2 after MTSET modification plotted against residue number. Significant differences in V1/2 after modification were found between L520C and other sites (indicated with OE), between I521C and other sites (*), and between L524 and other sites (o; symbols by bars represent P Ͻ 0.05 determined by ANOVA, Neuman-Keuls post test).
our observation that hydrophobic or uncharged residues such as V, C, or N at position 521 have minimal effects on channel gating. However, we found that replacement at I521 with charged residues caused a large left shift in activation V shifting the equilibrium for channel opening in the hyperpolarized direction. Voltagegated channels exploit a modular organization to translate potential gradients across the membrane into opening and closing of an intracellular gate by coupling movements of a voltage sensing domain S1-S4 (VSD) to the ion conducting pore formed by S5-S6 (12) . Perturbation of any step in this process can affect the equilibrium channel open probability. For example, a critical region for normal transitions between the closed and open states in the hERG channel was identified in the pore domain at the intracellular end of S6 (33) . Cysteine substitutions of Q664, Y667, and S668 gave channels that did not fully close at negative voltages but continued to display normal activation gating upon depolarization, suggesting that this domain could occlude the pore preventing full closure without perturbing the VSD. In contrast, mutations in S6 at V659 caused a shallow G-V slope, suggesting disruption of the voltage sensor or the coupling between it and the activation gate. The location of I521 at the tip of S4 suggests that the effects described here are mediated through alterations of the relative stabilities of the S4 segment at different voltages rather than changing pore gating or the coupling that is thought to be manifest by interactions between the bottom of S6 and the S4 -S5 intracellular linker. In our study, modifications at I521 produced channels that still closed completely, suggesting that pore function was not disrupted.
Mutation of I521 to positively or negatively charged arginine or glutamate residues gave channels with faster activation and slower deactivation kinetics and a left shift in activation V 1/2 ( Fig. 1 ) consistent with stabilization of the open and destabilization of the closed states. A similar gating effect was induced by modification at I521C by the relatively larger molecules TMRM, PyMPO, and MTSET, in a state-dependent manner (Figs. 5 and 7) . These membrane-impermeant molecules can only bind to cysteines that are exposed extracellularly, and we demonstrated significant modification of activated or inactivated channels rather than closed channels, suggesting that I521C is mainly inaccessible to these molecules at rest. This was supported by the homology model of the open and closed states of hERG shown in Fig. 9 (6) that clearly shows that I521 is predicted to be more exposed to the extracellular solution in the open state. We interpret the open state stabilization to represent an effect on the voltage sensor equilibrium, where the introduction of charged moieties favors the activated/UP state of the S4 and thus increases the opening probability of the channel gate at the pore domain. The possibility of the introduction of a gating pore current, in which mutations in the S4 allow ionic current to flow through the VSD (24, 31) after MTSET modification, was ruled out by confirming the currents were carried through the normal conducting pore as they were blocked by the pore blocker terfenadine and showed normal K ϩ selectivity (Fig. 6 ). Interestingly, we found that only positively charged MTS reagents induced significant slowing of deactivation, with MTSET slowing deactivation current more than MTSEA (Fig.  7) which has a Ϸ3.7 Å shorter side chain length and smaller head group (13 ], deactivation was mainly unaffected, similar to the noncharged MTSHE modification (Fig. 7) . Thus, after covalent reaction, a positively charged side chain was required to stabilize S4 in its active position. However, glutamic acid substitution at position 521 also leads to a more stable open channel despite its negative charge (Fig. 1) . Given the small volume change with this substitution, this suggests that the more proximal negative charge in glutamic acid compared with the longer and more flexible MTSPS charged group disrupts S4 kinetics more strongly. The MTSPS therefore may lack any effects due to its long tether enabling the negative head group to remain in a hydrophilic environment on the extracellular side of the channel.
MTSET modification scan of the extracellular end of S4. Modification of several other residues (L520C-R528C) in S4 by MTSET was also examined, but of these only L520C displayed a significant hyperpolarizing shift of the V 1/2 of activation upon MTSET exposure, and this was to a lesser and 2 pore domains (PD) reveals residue I521 (yellow) is nested in a proteinaceous environment in the closed state against the top of the S5 PD from a separate subunit. Upon activation of voltage sensors the I521 surface becomes exposed to aqueous extracellular environment allowing modification (images were generated with Pymol). Black lines represent the limits of the membrane environment. extent than with I521C modification (Fig. 8B) . Residues 526 to 528 are not exposed to extracellular MTSET upon depolarization, which is consistent with previous studies by Zhang et al. (37) , but are accessible to pCMBS (7, 35) . I521C was the residue with gating most dramatically affected by MTSET (Fig. 8B) . Our data suggest it is likely that alteration of the packing in this region close to the extracellular end of S4 disrupts interactions that stabilize the resting conformations of the voltage sensor relative to the activated conformation. The homology model depicted in Fig. 9 supports the hypothesis that the interactions of residue I521 in the WT closed state are primarily nonspecific and uncharged. In the closed state I521 is nested in a highly proteinaceous environment where all residues within a 4-Å radius are also nonpolar or hydrophobic, facilitating the adoption of a specific conformation at the tip of S4. Introduction of charged residues in this region would destabilize the structural packing of these uncharged residues and raise the free energy of the closed conformation. According to a helical screw mechanism of gating charge movement where the S4 segment moves in three helical steps through a fixed pore formed by the channel protein (9), I521 and L524 may occupy a similar position relative to the S5/S6 channel domains during the process of channel activation; however, we did not observe a similar phenotype from MTSET modified L524C as that from I521C, suggesting these residues are not similarly oriented during the gating process.
In conclusion, this study has shown that the neutrality of residue I521 at the extracellular end of S4 is critical for the stability of the closed channel conformation relative to the activated conformation in hERG. This residue had previously undergone little investigation as alanine scans had not produced significant effects on gating, but here we show that this residue has an important contribution to the gating phenotype of hERG channels. 
